Mutations in MECP2 cause the neurodevelopmental disorder Rett syndrome (RTT OMIM 312750). Alternative inclusion of MECP2/Mecp2 exon 1 with exons 3 and 4 encodes MeCP2-e1 or MeCP2-e2 protein isoforms with unique amino termini. While most MECP2 mutations are located in exons 3 and 4 thus affecting both isoforms, MECP2 exon 1 mutations but not exon 2 mutations have been identified in RTT patients, suggesting that MeCP2-e1 deficiency is sufficient to cause RTT. As expected, genetic deletion of Mecp2 exons 3 and/or 4 recapitulates RTT-like neurologic defects in mice. However, Mecp2 exon 2 knockout mice have normal neurologic function. Here, a naturally occurring MECP2 exon 1 mutation is recapitulated in a mouse model by genetic engineering. A point mutation in the translational start codon of Mecp2 exon 1, transmitted through the germline, ablates MeCP2-e1 translation while preserving MeCP2-e2 production in mouse brain. The resulting MeCP2-e1 deficient mice developed forelimb stereotypy, hindlimb clasping, excessive grooming and hypo-activity prior to death between 7 and 31 weeks. MeCP2-e1 deficient mice also exhibited abnormal anxiety, sociability and ambulation. Despite MeCP2-e1 and MeCP2-e2 sharing, 96% amino acid identity, differences were identified. A fraction of phosphorylated MeCP2-e1 differed from the bulk of MeCP2 in subnuclear localization and co-factor interaction. Furthermore, MeCP2-e1 exhibited enhanced stability compared with MeCP2-e2 in neurons. Therefore, MeCP2-e1 deficient mice implicate MeCP2-e1 as the sole contributor to RTT with non-redundant functions.
INTRODUCTION
Although the majority of Rett syndrome cases are caused by MECP2 mutations (1), the molecular mechanisms underlying this neurological disorder are not fully understood. Originally, MECP2 encoding the methyl CpG-binding protein MeCP2 was believed to consist of three exons (2) . However, a fourth upstream MECP2/Mecp2 coding exon was later identified that due to alternative splicing produces an MeCP2 protein isoform with a higher brain abundance than the initially described isoform (3 -5) (Supplementary Material, Fig. S1 ). This novel isoform was subsequently designated MeCP2-e1 while the original isoform was designated MeCP2-e2 to reflect the alternate inclusion of coding exon 2. Thus, the human MeCP2 isoforms differ by only the unique 21 or 9 amino acids encoded by spliced exons 1 or 2 containing messenger RNA, respectively (4) (Supplementary Material, Fig. S1B ). Although up to 95% of RTT-associated mutations occur in MECP2 exons 3 and 4 encoded amino acids common to both isoforms, genetic screening has identified MECP2 exon 1 mutations in up to 1% of RTT patients (6 -8) . But no MECP2 exon 2 mutations have been identified in patients, suggesting that MeCP2-e1 deficiency alone contributes to neurologic symptoms. As expected, Mecp2 null alleles which lead to ablation of both MeCP2 isoforms generally recapitulate RTT-like symptoms in mouse models (9 -11) . However, genetic deletion of Mecp2 exon 2 resulting in loss of only MeCP2-e2 expression is without significant neurologic symptoms, suggesting that this MeCP2 isoform does not have an essential function in the nervous system (12) .
Therefore, to determine the specific relationship between MeCP2-e1 and RTT, MeCP2-e1 deficient mice were genetically engineered and assayed for symptoms common to those observed in Rett patients. MeCP2-e1 deficient mice were modeled on an orthologous MECP2 exon 1 translational start site mutation identified in patients with classic RTT symptoms (8, 13) . Previous studies performed in RTT patient cell lines bearing this MECP2 mutation predict that only MeCP2-e1 and not MeCP2-e2 will be ablated in this mouse model (13) .
RESULTS

Generation of MeCP2-e1 deficient mice
While Mecp2 whole exon deletion mice display RTT-like symptoms (9, 10, 14) , these large genetic deletions only rarely occur in human RTT patients (mecp2.chw.edu.au). To test the hypothesis that MeCP2-e1 is the major contributor to RTT, we engineered a point mutation in the Mecp2 exon 1 (Mecp2-e1) translational start site based on an orthologous RTT causing MECP2 exon 1 mutation (8) . This Mecp2-e1 mutation construct was introduced into C57BL/6N embryos and propagated through the germline (Fig. 1) . Chimeric founder males carrying the transgene were mated with wild-type (WT) C57BL/6N females to produce
Mecp2-e1
+/2 heterozygous females. Mecp2-e1 +/2 females were then mated with WT C57BL/6N males producing pups of the four possible genotypes (Mecp2-e1 +/+ , Mecp2-e1 2/+ , Mecp2-e1 +/y , Mecp2-e1 2/y ) at the expected frequencies, suggesting that embryonic development was not compromised. At birth, Mecp2-e1 2/y pups were indistinguishable from WT Mecp2-e1 +/y male littermates. However, by 6 weeks post-natal, Mecp2-e1 2/y males began to exhibit characteristic neurologic symptoms, determined using a scoring system similar to one previously described for Mecp2 tm1.1Bird/J mice (9) (Fig. 2A) . Levels of grooming, ambulation, the presence of skin sores and abdomen size were scored along with specific responses to tail suspension including hind limb clasping, forelimb 'washing' and flailing motions (Supplementary Material, SV1). A significant contributor to disease were symptoms of stereotypic over grooming in Mecp2-e1 2/y males which were absent in control littermates. Specifically, Mecp2-e1 2/y males developed hair loss and eventually skin loss on the flanks, chest and tail region (Supplementary Material, SV2). Disease symptoms progressed with age in mice until premature death between 7 and 31 weeks (Fig. 2B ). Mecp2-e1
2/y males also exhibited possible seizure activity (Supplementary Material, SV3). In contrast, Mecp2-e1 As mice lacking both isoforms of MeCP2 (Mecp2 null) are significantly smaller and lighter than control littermates (9,10), Mecp2-e1 2/y and Mecp2-e1 +/y mice were carefully weighed and measured. Surprisingly, there were no significant weight, body length or body mass index differences between either the Mecp2-e1
2/y and Mecp2-e1 +/y genotypes (Supplementary Targeting strategy for MeCP2-e1-specific germline ablation. Site directed mutagenesis was used to alter the exon 1 translational start site ATG to TTG in the Mecp2 locus excised from a genomic BAC clone. A neomycin resistance gene (NEO) flanked by flippase recognition target sites (FRT) was inserted into exon 1 to produce the targeting vector (top) which was then electroporated in C57BL/6N ES cells for homologous recombination. ES cells incorporating the targeting vector were selected for neomycin resistance then the NEO cassette was excised by expressing flippase, producing the mutant allele (middle). PCR primers detecting the mutant and WT Mecp2 alleles are shown as colored arrows. Genotyping PCR was performed from DNA obtained from tail snips.
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Material, Table S1 ) or the Mecp2-e1 2/+ and Mecp2-e1 +/+ genotypes (data not shown).
MeCP2-e1 deficient mice have neurological deficits
As previous mouse models of RTT show behavioral abnormalities (9,10,14,15), Mecp2-e1 2/y mice were subjected to tests of anxiety and sociability. In the elevated plus maze assay, Mecp2-e1 2/y mice spent significantly more time in the open arms, indicative of reduced anxiety compared with control Mecp2-e1 +/y littermates (Fig. 3A) . To control for mobility in the EPM assay, center zone entries, time spent in the closed arms and walking speed in closed arms was recorded and found to be similar for both genotypes (Supplementary Material, Table S2 ). In addition, Mecp2-e1 2/y mice spent significantly less time interacting with a test mouse in the three-chamber assay, indicating reduced sociability compared with WT Mecp2-e1 +/y littermate controls (Fig. 3B) . These results were not due to differences in activity as center chamber entries and entries of the mice into the area around the empty cage were not significantly different between Mecp2-e1 2/y and control Mecp2-e1 +/y mice (Supplementary Material, Table S2 ). As ambulatory defects are one of the most consistent symptoms of RTT, Mecp2-e1
2/y mice were tested for gait abnormalities by tread scan analysis. Mecp2-e1 2/y deficient mice had a slower running pace (Fig. 3C ) and reduced variability in rear paw placement distance compared with control littermates (Fig. 3D ) reminiscent of motor deficits observed in previous mouse models (9, 10) and RTT (16) .
To further examine the potential mechanisms underlying these defects, nuclear size was assayed in Mecp2-e1 2/ y, and Mecp2-e1 +/y hippocampal neurons (Supplementary Material, Fig. S3 ). Mecp2-e1 2/y neurons had significantly smaller nuclei than control Mecp2-e1 +/y littermates as expected from previous studies (9, 10) .
Confirmation of MeCP2-e1 ablation by immunofluorescence
To confirm the ablation of MeCP2-e1 protein in Mecp2-e1 targeted mice and identify potential functional differences between the isoforms, immunofluorescence (IF) analysis was performed in Mecp2-e1 +/y and Mecp2-e1 2/y brain sections using an antibody (MeCP2-e1 JL) to the conserved N-terminus of MeCP2-e1 (Supplementary Material, Fig. S1 ). IF staining revealed that MeCP2-e1 JL staining was undetectable in all Mecp2-e1 2/y brain regions including adult hippocampus, suggesting that Mecp2-e1 2/y mice are truly deficient in MeCP2-e1 (Fig. 4A) . However, in control Mecp2-e1 +/y neurons, the MeCP2-e1 JL staining pattern was unexpectedly found to be predominately nucleoplasmic in distribution upon higher magnification (Fig. 4A, Supplementary Material, Figs. S4 and S5) .
To confirm the absence of MeCP2-e1 in Mecp2-e1 2/y brain with additional antibodies, IF was performed with two MeCP2-e1-specific antibodies designated MeCP2-e1 MR and MeCP2-e1 CS generated to overlapping but non-identical N-terminal peptide epitopes of MeCP2-e1 (Supplementary Material, Fig. S1B ) (5) . While both additional antibodies confirm the absence of MeCP2-e1 staining in Mecp2-e1 2/y brain initially observed with the MeCP2-e1 JL antibody, the staining patterns that they produce show predominant MeCP2-e1 localization to chromocenters in control brain respectively (Supplementary Material, Figs S6 and S7) consistent with previous reports both in vivo (5) and in vitro (17) (18) (19) .
Previous analysis of post-translational modifications demonstrated that MeCP2-e1 undergoes phosphorylation at serine 30 (pS30) (20) a site which was exclusively within the epitope for the MeCP2-e1 JL antibody. We therefore hypothesized that the MeCP2-e1 JL antibody was sensitive to MeCP2-e1 pS30, localized to heterochromatic chromocenters while the insensitive MeCP2-e1 CS and MeCP2-e1 MR antibodies detect total MeCP2-e1. (Supplementary Material, Fig. 1B ). To directly investigate this hypothesis, IF staining patterns were compared with the original MeCP2-e1 JL antibody and the well characterized MeCP2-e1 MR antibody (5) . These results show that MeCP2-e1 JL antibody detects MeCP2-e1 in the nucleoplasm while the MeCP2-e1 MR antibody detects both chromocenter and nucleoplasmic MeCP2-e1 (Supplementary Material, Fig. S8 ). To further investigate the sensitivity of the MeCP2-e1 JL antibody to pS30 of MeCP2-e1, peptides with and without pS30 were used as competitive inhibitors in IF, and these analyses showed the specificity of the MeCP2-e1 JL antibody to the nonphosphorylated N-terminus of MeCP2-e1 localized in the nucleoplasm (Supplementary Material, Fig. S9 ). 
(A). Male Mecp2-e1
2/y mice (n ¼ 8) (black line) were scored along with control Mecp2-e1 +/y male littermates (n ¼ 6) (gray line) at weekly intervals for disease symptoms including matted fur, reduced ambulation, open skin sores, abnormally large abdomen along with hindlimb clasping, forelimb 'washing' and lack of body curling in response to tail suspension. Thus, the most diseased mice score '7' while completely healthy mice score '0'. Error bars correspond to standard error of the mean (SEM).
* P ¼ 0.0197 by independent sample, two-tailed t-test. (B). Survival curve of Mecp2-e1 2/y MeCP2-e1 deficient (black line) and WT control male littermate mice (gray line). n ¼ 11 for Mecp2-e1 2/y males and n ¼ 9 for WT Mecp2-e1 +/y control males.
MeCP2-e2 levels and distribution were also assayed in parallel in brain by IF using a specific antibody (Supplementary Material, 
Confirmation of MeCP2-e1 ablation by western blot
Western blot analysis was performed on brain protein extracts to independently verify the ablation of MeCP2-e1 and apparent elevation of MeCP2-e2 in Mecp2-e1 2/y brain as shown by IF in Figure 4B . Probing of blots with MeCP2-e1 CS antibody from whole mouse brain extracts revealed barely detectable MeCP2-e1 levels in Mecp2-e1 2/y brains compared with control Mecp2-e1 +/y brain extracts ( These results indicate that the naturally occurring MECP2-e1 mutation as well as the Mecp2-e1 engineered mutation functions as a null allele in vivo. Simultaneous probing of duplicate western blots showed an approximate 2-fold increase of MeCP2-e2 in MeCP2-e1 2/y brain compared with control WT littermate brain (Fig. 5B) , consistent with the IF images shown in Figure 4B . In light of the ablation of MeCP2-e1 and significant elevation of MeCP2-e2 in Mecp2-e1 2/y brains, further western blot analysis was performed to determine the combined levels of both MeCP2 isoforms in brain, using a C-terminal antibody to total MeCP2. Interestingly, in spite of upregulated MeCP2-e2 levels in Mecp2-e1 2/y brain, total MeCP2 levels were significantly reduced to 50% of WT levels in Mecp2-e1 2/y brains overall as shown by western (Fig. 5C ).
MeCP2-e1 associates with components of the nuclear matrix
The elevated levels of MeCP2-e2 in Mecp2-e1 2/y brain and the differential localization of non-pS30 and Mecp2-e1 pS30 in neurons both suggest that a sub-fraction of MeCP2-e1 has a unique function 2/y male mice (P ¼ 0.03 * ). (B) Sociability measured in the three-chamber assay revealed a significant reduction in the percent time Mecp2-e1 2/y mice spent near a cage containing a mouse relative to the total time spent near an occupied or an empty cage (P ¼ 0.048 * ). (C). TreadScan analysis using a transparent treadmill belt combined with a high-speed video capture to measure instantaneous running speed and foot placement found that Mecp2-e1 2/y male mice were significantly slower compared with WT controls (P ¼ 0.03 * ). (D). TreadScan analysis revealed significantly reduced standard deviation in the rear track width distance between rear foot stance in Mecp2-e1 2/y mice compared with WT controls (P ¼ 0.042 * ). Error bars correspond to SEM. Genotype group comparisons were performed using least squares ANOVA. n ¼ 7 Mecp2-e1 2/y male mice, n ¼ 5 WT MeCP2-e1 +/y male littermate controls.
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that cannot be replaced by MeCP2-e2. To further investigate the novel distribution of non-pS30 MeCP2-e1 outside of chromocenters, MeCP2-e1 associated co-factors were identified by immunoprecipitation (co-immuno-precipitation, co-IP) and mass spectrometric analysis (Fig. 6A) . Interestingly, in two independent experiments, the nuclear matrix factors SFPQ (23) and Matrin 3 (24) were identified among the proteins that co-purified with MeCP2-e1 in neuronal nuclei in addition to the previously described associated co-factor YB-1 (Fig. 6B ). The nuclear matrix is an insoluble structure (25) that organizes the genome into a series of non-random chromatin loops (26) that has been shown to regulate RNA stability, splicing, replication (24, 27) and transcription (28) . To determine the specificity of nuclear matrix factor co-purification with non-pS30 MeCP2-e1, the MeCP2-e1 JL antibody was tested for non-specific immunopurification of nuclear matrix factors from brain extracts lacking either MeCP2-e1 or MeCP2-e2 isoforms (Supplementary Material, Fig. S11 ). Neither the MeCP2-e1 JL antibody or an antibody recognizing both MeCP2 isoforms precipitated significant amounts of any protein in the absence of MeCP2, thereby providing a valuable negative control for these results.
In vivo association of MeCP2-e1 with Matrin 3 and SFPQ was assayed by IF analysis (Fig. 7) . Co-staining with antibodies to SFPQ and MeCP2-e1 revealed that these factors largely co-localize in brain neuronal nuclei (Fig. 7A) . Similarly, Matrin 3 and MeCP2-e1 IF signals exhibited a high degree of overlap suggesting molecular association in neuronal nuclei (Fig. 7B) . As a positive control, IF analysis was performed using antibodies to the nuclear matrix factor SFPQ and YB-1 a factor previously shown to associate with MeCP2 (29) . As expected, YB-1 signals overlapped with SFPQ signals on the nuclear matrix (Fig. 7C) . Hence, these YB-1 results validate the interaction with and co-localization of nucleoplasmic MeCP2-e1 with SFPQ ( Fig. 7A ) and Matrin 3 (Fig. 7B) . Additionally, molecular association of SFPQ, SFRS1 and Matrin 3 with MeCP2-e1 in brain was independently confirmed by co-IP and western blot analysis (Supplementary Material, Fig. S12 ). Therefore, association with nuclear matrix factors distinguishes MeCP2-e1 function from the hypothesized role of MeCP2 as a transcriptional repressor localized to heterochromatin in chromocenters (21, 30) .
MeCP2-e1 has greater stability in neurons than MeCP2-e2
MeCP2 isoform stability analysis was performed in human SHSY-5Y neurons in order to explore further functional differences between MeCP2-e1 and MeCP2-e2 protein isoforms. For these studies, the stability of MeCP2-Flag epitope-tagged proteins was monitored over time after shutdown of protein expression (Fig. 8) . Western analysis reveals the gradual loss of both MeCP2-Flag isoforms over time (Fig. 8A) , However, MeCP2-e2 levels were reduced to 20% of original levels by 24 h, while MeCP2-e1 levels diminished more slowly and only reached 20% of original levels after 48 h (Fig. 8B) . These results suggest that differential MeCP2 isoform stability may contribute to higher levels of MeCP2-e1 versus MeCP2-e2 in brain.
DISCUSSION
These results from the first MeCP2-e1 deficient mouse model of RTT provide direct experimental evidence that MeCP2-e1 is an essential isoform for normal neurologic function with unique activities that are not fully compensated for by MeCP2-e2. Our results are consistent with several previous studies that have suggested the critical role of MeCP2-e1 in the pathogenesis of RTT (4, 8, 13) . First, the novel MeCP2-e1 isoform was found to be the predominant MeCP2 isoform in the mammalian central nervous system, with a higher translation efficiency of the Mecp2 exon 1 start site compared with the exon 2 start site (3). Second, the presence of MECP2 exon 1 but not exon 2 mutations in patients with classic RTT suggest that the MeCP2-e1 isoform is critical for normal neurologic function (4, 8, 13) . Third, a mouse model with a deletion in Mecp2 exon 2 failed to recapitulate neurologic symptoms characteristic of RTT (12) . Fourth, it has been estimated that MeCP2-e1 is up to 10 times more abundant than MeCP2-e2 in mouse brain (3) . Finally, the apparent absence of MeCP2-e1 in cells lines with orthologous MECP2-e1 mutations from classic RTT patients suggest that MeCP2-e1 is essential for normal brain function (13) .
The results presented here accurately recreate RTT in mice and are thus highly relevant to the pathology of the disease. While most previous mouse models of Rett syndrome are deletions of one or more whole Mecp2 exons, the vast majority of MECP2 mutations occurring in RTT are actually point and Mecp2-e1 +/y control males were probed with an MeCP2-e1 CS specific antibody in (A) which shows barely detectable MeCP2-e1 levels in Mecp2-e1 2/y brain and significantly higher levels in WT control male brain (P ¼ 0.0019). (B) An anti-MeCP2-e2-specific antibody revealed significant elevation of this isoform (P ¼ 0.0005) in Mecp2-e1 2/y brain compared with WT (Mecp2-e1 +/y ) controls. (C) To determine the combined levels of MeCP2-e1 and MeCP2-e2 isoforms, an antibody recognizing a common epitope (Fig. S1 ) revealed an 2-fold reduction of total MeCP2 in Mecp2-e1 2/y deficient brain by western analysis (P ¼ 0.01). Bar graphs depict average signal intensity from NIH Image J analysis of western blots with error bars corresponding to SEM. Three to four individual mouse brain protein extracts per genotype were analyzed. Figure 6 . MeCP2-e1-associated protein identification by mass spectrometric analysis. (A) SDS-PAGE resolved MeCP2 protein complexes were purified from human SH-SY5Y neurons using MeCP2-e1 JL antibody. Proteins not co-migrating with IP antibody heavy and light chains (red boxes) were selected for proteomic analysis. A control antibody IP with pre-immune IgY is shown on the right. Molecular weight standards are shown for estimation of molecular size in kilo Daltons. (B) Selected MeCP2-e1 associated factors identified by mass spectrometric analysis. Factors were listed based on significant amino acids identified (sequence coverage) in two separate experiments (replicate). YB-1, which was previously found to be associated with MeCP2, is shown as a control.
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Human Molecular Genetics, 2014, Vol. 23, No. 9 mutations (mecp2.chw.edu.au). Therefore, to better recapitulate Rett syndrome in a genetic model system, MeCP2-e1 deficiency was engineered in mice based on an orthologous human mutation (8). MeCP2-e1 was virtually undetectable in the brains of Mecp2 exon 1 mutant mice rendering them essentially MeCP2-e1 deficient or null (Figs 4 and 5, Supplementary Material, S5, S6, S7 and S10). In terms of RTT, MeCP2-e1 deficient mice exhibited neurologic disease symptoms and died prematurely (Fig. 2) . Significantly, MeCP2-e1 deficient mice exhibited abnormal social behaviors and motor defects (Fig. 3 ) in addition to stereotypies and seizure like symptoms (Supplementary Material, SV1, SV2, SV3). Perhaps most critically, unlike previous RTT mouse models, MeCP2-e1 deficient mice retain MeCP2-e2 expression in brain (Figs 4 and 5, Supplementary Material, S5, S7 and S10) thereby demonstrating that even elevated levels of MeCP2-e2 are not sufficient to prevent the neurological symptoms that result from loss of MeCP2-e1. The results also reveal a novel association of a non-pS30 MeCP2-e1 fraction that localizes to the nucleoplasm and associates with splicing factors that compose the nuclear matrix. Finally, protein stability studies indicate that MeCP2-e1 is more stable than MeCP2-e2 in neurons (Fig. 8) . A model of MeCP2-e1 function suggested by these novel findings is shown in Figure 9 . Together, these results indicate that MeCP2-e1 has functions distinct from that of MeCP2-e2 in the brain and are consistent with recent studies which showed partial rescue of RTT-like symptoms in Mecp2 null mice by use of MeCP2-e1 expression constructs (18, 31) .
However, in seeming contradiction to our results, previous attempts to rescue MeCP2 deficiency by re-expression of MeCP2-e2 alone have been successful in ameliorating survival and at least some neurologic symptoms (18, 32, 33) . In these experiments, MeCP2-e2 was ectopically expressed at levels approaching or exceeding total MeCP2 levels in brain. In the results presented here, brain levels of MeCP2-e2 were elevated in MeCP2-e1 deficient brain compared with WT, but the compensatory increase in MeCP2-e2 levels only restored total brain MeCP2 levels to 50% compared with WT controls. As mentioned, elevated MeCP2-e2 levels were likely due to reduced translation site competition (3). Interestingly, an alternative hypomorphic mouse model expressing 50% of total MeCP2 levels in brain exhibited learning and motor deficits, decreased anxiety and altered social behavior, but not early lethality (34, 35) . Therefore, the premature lethality observed in MeCP2-e1 deficient mice shown here appears to result from a unique function of MeCP2-e1 that cannot be compensated for by elevated MeCP2-e2 alone.
A potential unique function of MeCP2-e1 is indicated by the unexpected localization results mentioned above. Specifically, IF analysis of WT control mouse brain suggests that at least a sub-fraction of non-pS30 MeCP2-e1 resides in the nucleoplasm in vivo (Figs. 4 and 7, Supplementary Material, S4 , S5, and S8). In contrast, previous studies with exogenously expressed tagged proteins exhibited a predominant chromocenter localization of both MeCP2-e1 and MeCP2-e2 isoforms (19) . However, this may be due to ectopic expression levels and/or the influence of the attached tags. In addition, it is possible that exogenously expressed MeCP2 will not be post-translationally modified in the same manner as endogenous MeCP2 isoforms. The unexpected localization of MeCP2-e1 to both chromocenters and nucleoplasm shown above appears to be due to post-translational phosphorylation of serine 30 in amino acid epitopes targeted by MeCP2-e1 antibodies. These results are supported by previous mass spectroscopic analysis (20) .
As a follow-up to the MeCP2-e1 localization results, isolation and characterization of non-pS30 MeCP2-e1-associated co-factors identified nuclear matrix factors among other proteins. This suggests that this form of MeCP2-e1 has function in the nucleoplasm where active genes and splicing activity are located on the nuclear matrix (Fig. 9) . This function may be related to a critical unique role for MeCP2-e1 in neuronal function and survival. Consistent with these results, previous studies have established the role of MeCP2 in splicing regulation (29, 36) . While, these studies cannot definitively rule out the possibility that MeCP2-e2 can also associate with the nuclear matrix, the lack of evidence for such association suggests that this is a unique function of MeCP2-e1.
Furthermore, evidence that MeCP2-e1 is more stable than MeCP2-e2 (Fig. 8) suggests that this characteristic may relate to nuclear localization differences and may contribute to the predominant abundance of MeCP2-e1 in brain. Interestingly, in silico analysis predicts that MeCP2-e1 is more stable than MeCP2-e2 perhaps due to the addition of an amino terminal acetyl group (http://www.isv.cnrs-gif.fr/terminator3/). In conclusion, investigation of MeCP2-e1 deficient mice demonstrate the relevance of this isoform to RTT pathology and will therefore be important in testing potential therapies designed to alleviate symptoms.
MATERIALS AND METHODS
Ethics statement
All mouse engineering, propagation and analyses protocols were approved by the UC Davis Institutional Animal Care and Use Committee (IACUC) and Biological Use Authority (BUA) protocols. These protocols conform to current National Institutes of Health (NIH) and the American Association of Lab Animal Standards (AALAS) regulatory standards.
Transgenic mouse generation
Mecp2-e1 transgenic mice were engineered by the UC Davis Mouse Biology Program. Briefly, site directed mutagenesis was used to alter the exon 1 translational start site ATG to TTG in the Mecp2 locus excised from a genomic bacterial artificial chromosome (BAC) clone. A neomycin resistance gene (NEO) flanked by Flippase recognition target sites (FRT) was inserted into the first intron to produce the targeting vector (top) which was then electroporated in C57BL/6N ES cells for homologous recombination. ES cells incorporating the targeting 
HRS). Western blot analysis of GAPDH is shown below for normalization. (B)
The ratio of MeCP2-e1 (black line) and MeCP2-e2 (gray line) compared with GAPDH remaining after expression shutdown is graphed with error bars corresponding to standard error of the mean (SEM).
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vector were selected for growth in the presence of neomycin prior to expression of Flippase recombination enzyme for removal of the NEO cassette thus generating the Mecp2 mutant allele (Supplementary Material, Fig. S1 ). ES clones selected by karyotype were microinjected into Balb/C embryos, 31 of which were implanted into two pseudo-pregnant Balb/C female mice that produced 16 chimeric pups. Two chimeric males with .95% black coat color were selected as founders and mated with C57BL/6N females to produce Mecp2 exon 1+/2 heterozygous females which were mated with C57BL/6N males to produce the four possible genotypes of Mecp2 exon 1 transgenic mice, 2/y, +/y, 2/+ and +/+. Genotyping was performed by PCR using primers against the WT Mecp2 and transgenic alleles (Fig. 1 ).
IP and mass spectrometric protein identification
Nuclear extracts from SH-SY5Y neurons differentiated by 48 h treatment with PMA were prepared according to Dignam (37) and immuno-precipitated with chicken anti-MeCP2-e1 JL (Aves Labs, Tigard, OR, USA) and control antibodies. MeCP2-e1 associated proteins were bound to precipHen agarose beads (Aves Labs), washed extensively, denatured and resolved by 4 -15% SDS -PAGE. Resolved proteins were stained in the gel with GelCode Blue (Thermo Scientific, Rockford, IL, USA), then digested in gel with trypsin. Digested peptides were then separated by liquid chromatography and subject to tandem mass spectrometric -mass spectrometric (MS-MS) analysis on an LTQ Mass spectrometer (Thermo Scientific) to determine peptide sequences. Mascot MS -MS ion search was then used to analyze raw MS -MS data (www.matrixscience. com). Only peptides with ion scores of .46 were used for Mascot sequence query to assign peptides to proteins. Ions scores are 210log(P), where P is the probability that the observed match is a random event and ions scores of .46 indicate identity or homology (P , 0.05) (www.matrixscience.com).
Co-IP and western analysis
Antibodies to MeCP2-e1 (Aves Labs), Matrin 3 (Bethyl, Montgomery, TX, USA) and SFPQ (Abcam, Cambridge, MA, USA) were incubated with SH-SY5Y nuclear proteins. Antibody/ protein complexes were recovered by binding to protein A/G beads, washed extensively, resolved by SDS-PAGE then transferred to nylon membranes. Western blots were then probed with primary antibodies which were detected by a combination of HRP conjugated secondary antibodies and West Dura chemiluminescent substrate (Pierce, Rockford, IL, USA). Chemiluminescent signals were detected and quantified using a Fluorchem Imager (Alpha Innotech, San Leandro, CA, USA).
Western analysis
Brains were removed from Mecp2-e1 2/y deficient and Mecp2-e1 +/y control mice, dounce homogenized in 1× PBS buffer containing 2% SDS supplemented with protease inhibitors (Roche, Indianapolis, IN, USA). Soluble brain proteins were resolved by SDS-PAGE, transferred to nylon membranes and probed with antibodies to MeCP2-e1 CS (custom), and MeCP2-e2 (Thermo Scientific) and Gapdh (Advanced, Long Beach, CA, USA). Lymphoblastoid cell lines were generated from peripheral blood of RTT patients as described previously (8, 13) . For western analysis of MeCP2-e1, lymphoblastoid cells were propagated in culture, lysed in 2% SDS sample buffer and resolved by gel electrophoresis before transfer to nylon membranes and probing with MeCP2-e1 JL and MeCP2-e1 CS antibodies.
Immunofluorescence Brains were removed from mice then divided by cutting along the medial longitudinal fissure. The left hemisphere was fixed in 4% formaldehyde/1× PBS for 72 h, washed in 1× PBS then dehydrated in 70% ethanol. Fixed brains were embedded in paraffin and sectioned into 5 mM coronal slices and affixed to glass slides. Brain sections were de-paraffinized then heated in citrate buffer to recover epitopes followed by probing with MeCP2 primary and fluorescently labeled secondary antibodies (Thermo/Fisher, Rockford, IL). Images were captured using a CCD camera (Qimaging, Surrey, BC, Canada) on an Axioplan 2 microscope (Carl Zeiss, Thornwood, NY, USA) and analyzed using iVision software (Scanalytics, Vienna, VA, USA). MeCP2-e1 MR and MeCP2-e1 antibodies were obtained through collaborative agreement while MeCP2-e2-specific antibody was purchased from Pierce (Thermo/Pierce, Rockford, IL).
Mouse phenotyping
A scoring system loosely based on Guy et al. (9, 38) was devised for ranking mice according to disease severity. Mice were evaluated in a blinded manner at weekly intervals from 3 weeks of age (weaning) for matted fur, reduced ambulation, open skin sores and an abnormally large abdomen along with specific responses to tail suspension including hindlimb clasping, forelimb 'washing' and the absence of flailing motions. A point was assigned for each characteristic thus scores of severely affected mice would approach '7' while control littermate scores approach '0'. According to UC Davis IACUC policy, mice that are unable to ingest food and water or have open, nonhealing skin lesions must be euthanized to minimize suffering. Hence, some of the MeCP2-e1 deficient mice did not die unassisted.
Body weights and lengths were measured at the beginning of the testing and body weights were measured at the conclusion of the 1-week test period. Tests were scheduled 2 -3 days apart to minimize stress. There were no significant differences in initial weight, final weight, weight change, body length or body mass index (weight/length). The mice were also screened for condition, cataracts, whisker barbering, gait and tail hang. We selected the test cohort at an age prior to the onset of neurologic and morbidity symptoms.
Elevated plus maze
Mice were analyzed as described in Woods et al. (39) . Briefly, test mice were placed onto the central platform of the plus maze without acclimation and allowed 5 min of free exploration in the apparatus. Mouse behavior was recorded under dim red light by video camera (Sony Digital Handycam) and analyzed using the SMART tracking system (San Diego Instrument, San Diego, CA, USA). Distance traveled, number of entries and duration of time spent in the open versus closed arms were recorded.
Sociability
The sociability preference test was performed using a threechamber assay as established in previous studies (39, 40) . Briefly, a test animal was placed in the center compartment (zone) and allowed to explore and acclimate to the test environment for 10 min. An object mouse was then placed in one of the cages and the test animal was again released in the center compartment and videotaped for a total of 10 min with the object mouse. Topscan (Clever Systems, Reston, VA, USA) software was used to determine location of the test mouse in each chamber and in proximity to each cage.
Ambulation (gait)
Mice were subject to TreadScan analysis as described previously (41) . For TreadScan trials mice were placed on a moving tread mill and video recorded from below through a clear window. Automated video analysis using foot placement software (Clever Systems, Reston, VA, USA) was then performed. Mice were assessed by their stride length, foot splay, running speed and trajectory of foot stance for indications of abnormal ambulation
Statistical analysis
For western blot analysis and disease scoring, two-sample t-tests were performed with each genotype representing independent samples for the two-tailed test assuming unequal sample variances using Vasserstats.net. For mouse behavioral comparisons, least square ANOVA (JMP, Version 10, SAS Institute, Cary, NC, USA) was used with genotype as the independent variable and covariates when appropriate. Statistical significance was indicated at P , 0.05 by * .
MeCP2 isoform stability analysis
Previously described Mecp2-e1 and Mecp2-e2 Flag expression vectors (20) were engineered with a 5 ′ tetracycline transcriptional transactivator response element (TRE) using a Tet-off Advanced system (Clontech, Mountain View, CA, USA). SH-SY5Y cells stably expressing the Tet-off Advanced transactivator (Clontech) were transiently transfected with the pTRE MeCP2-Flag vectors. Addition of tetracycline or doxycycline prevents binding of the transcriptional transactivator to the Mecp2 constructs and expression of MeCP2-e1 or MeCP2-e2 Flag protein can be shut off in the transfected cells. Flag-tagged MeCP2-e1 and MeCP2-e2 protein levels were assessed from whole cell lysates, 12, 24, 36 and 48 h after doxycycline treatment by western blot using a LiCor Odyssey quantitative imaging system. 
